The temporal width of ultrashort electron pulses as a function of beam intensity was measured on the femtosecond time scale with a customized streak camera. The results show that the temporal profile of an electron pulse is Gaussian at low beam intensity and progressively evolves to a top-hat shape due to space charge broadening as the beam intensity increases. The strong correlation between the pulse width and beam intensity observed in our streaking measurements agrees very well with the mean-field calculation and supports the main conclusion of previous theoretical studies that the space charge broadening plays a determinant role.
I. INTRODUCTION
Ultrafast electron diffraction ͑UED͒ is a rapidly advancing technique that holds a great promise to reveal the atomicdetail structural dynamics in real time. The potential of UED has been demonstrated in several recent measurements of structural dynamics in solid materials with subpicosecond time resolution. [1] [2] [3] [4] Those studies rely on the short and intense electron pulses. However, an electron pulse broadens its temporal duration as it is propagating from source to sample, particularly in the high intensity region demanded for UED measurements. The various broadening effects, particularly the space charge effect ͑Coulomb repulsion between electrons͒ have been extensively discussed in designing the streak camera [5] [6] [7] and more recently in theoretical calculations for designing electron guns for UED. [8] [9] [10] Those studies have analyzed quantitatively space charge broadening as a function of electron density, beam parameters, and propagation time. In contrast to this vast array of theoretical studies, only few experimental interrogations of electron pulse broadening on the subpicosecond to picosecond time scale have been reported. [11] [12] [13] This can be attributed largely to the technical challenges associated with both generating and characterizing such ultrashort electron pulses.
Here we present an experimental study of the space charge effect on electron pulse broadening on the subpicosecond to several-picosecond time scale. The dependence of electron pulse width on beam intensity was directly measured with a streak camera with 350 fs temporal resolution and single electron detection capability. The results show that for the 60 keV femtosecond electron gun, 1 the electron pulse width shows a strong dependence on the number of electron per pulse, primarily due to the space charge effect, which can broaden the electron pulse to several picoseconds during a few nanosecond propagation. In addition, the longitudinal pulse shape progressively evolves to a top-hat shape due to a velocity chirp induced by the space charge effect.
II. EXPERIMENT AND RESULTS
The ultrashort electron pulses are generated by a 60 kV femtosecond electron gun. 1 It is composed of a photocathode ͑PC͒ made of a 450 Å Ag film on a sapphire disk, an extraction assembly consisting of a gold mesh upstream of a 150 m pinhole, a magnetic lens, and a set of deflection plates. During operation, the PC is biased at Ϫ60 kV and the mesh is grounded. The electron pulse is generated via photoemission by backilluminating the PC with frequencytripled ͑266 nm͒ femtosecond UV pulses. The resulting photoelectron pulses are then accelerated to 60 keV by a high static electric field of 12 MV/m between the negatively biased PC and grounded extraction Au mesh. After passing through the pinhole, which is used to control the beam size, the electron beam is collimated by a magnetic lens. The beam position can be adjusted in two dimensions by biasing two pairs of deflection plates. The electron beam and diffraction patterns are recorded with a two-dimension singleelectron detector. 1 The electron beam intensity ͑number of electrons per pulse͒ and beam energy can be continuously tuned by adjusting the tripled laser pulse intensity and a dc high voltage power supply, respectively.
Among several techniques capable of determining electron pulse durations with subpicosecond accuracy, the streak camera stands out because it can be easily integrated into the existing setup for in situ measurement. More importantly, it not only can determine the temporal width of an electron pulse but also can display the corresponding longitudinal intensity profile ͑along the temporal axis͒, a feature unavailable in other current pulse-characterizing techniques. A customized deflection-type streak camera, employing two parallel streaking plates connected to a dual-sweep circuit, is incorporated into our femtosecond electron gun. The dualsweep design increases the streaking velocity by twofold and is crucial to measure the pulse width at high beam energy of 60 keV, since the streaking velocity is inversely proportional to the electron beam energy. The streaking experiment setup is shown in Fig. 1 . In the streaking experiment, a pair of electron pulses temporally separated by a well-defined delay time of ⌬t 0 was sent through the streaking plates. During the pulse transit time, the sweep circuit, containing two high voltage power supplies and a pair of GaAs photoconductive switches, was triggered by femtosecond optical pulses and sent a fast ramping signal at a speed of 6 kV/ns across the streaking plates. This ramp voltage causes the front part of the electron pulse to deflect along a different trajectory than the tail part of the pulse. In this way, the temporal coordinate of electron pulse is linearly transformed into a transverse spatial coordinate. ͑see Fig. 1͒ Consequently, the pulse duration and its longitudinal intensity profile can be determined by measuring the spatial profile of recorded streaked patterns.
For each streaked image, the streak velocity K s was obtained by dividing the pixel distance between the centers of two streaked pulses with the time delay ͑⌬t 0 ͒ between them. This ⌬t 0 is preset with a Michelson interferometer by adjusting the length difference between the two arms ͑see Fig. 1͒ . The typical streaking velocity at 60 keV beam energy is faster than 1/180 pixel/fs ͑ϳ1.9ϫ 10 8 m / s͒. The number of electrons per pulse, n e , was measured by first dividing the recorded intensity of a single electron pulse with the single electron gain and then dividing once more by the detective quantum efficiency ͑DQE͒ of the detector. The single electron gain of the detector was determined in a separate pulse height counting experiment and its DQE of 75% was calibrated by a homemade Faraday cup.
To accurately determine the electron temporal width, a two-dimensional ͑2D͒ streaking image was first converted to a one-dimensional ͑1D͒ intensity curve by averaging the pixel intensity along the direction perpendicular to the streaking coordinates. Then, the resulting 1D beam profile was fitted with a given function to determine its pixel width ͑W str ͒ such as full width at half maximum ͑FWHM͒. For a low beam intensity with a Gaussian profile ͑see Fig. 2͒ , the FWHM of unstreaked beam W un and the measured W str has the relation
where ⌬ e represents the temporal width of electron pulse. Thus, given K s , W un , and W str , the pulse width ⌬ e can be obtained. In the experiment, we found that the value of W un at a fixed electron number highly depends on the beam position ͑bias of deflection plates͒ on the detector. This introduces a large uncertainty in ⌬ e at the lower beam intensity with subpicosecond pulse duration that demands the highest precision of measuring pulse width. To improve the accuracy, the pulse width ⌬ e is determined by extracting the slope ͑⌬ e 2 ͒ of W str 2 versus K s 2 curve instead. Such a curve ͑Fig. 2͒ is obtained by measuring W str for at least four different K s by varying the ramping voltage applied on GaAs photoconductive switches. For each ramping voltage at least 20 single-shot images of streaked electron pulses with the position of streaked beam inside the preset region-of-interest were recorded. In contrast to the method of measuring W str , K s , and W un at only one streaking speed, the pulse duration is determined by measuring W str and K s and conducting a linear fit. We find this approach significantly reduces the uncertainty due to beam shape distortion introduced by other factors than streaking, such as the extra beam shape distortion due to the combined actions of the streaking electric field and the lens magnetic field. The overall time resolution estimated with error propagation by convoluting all the uncertainties in the streaking measurements is better than 350 fs.
At higher beam intensities with the number of electrons per pulse larger than 7000, the intensity profile of the streaked electron beam is more like a top-hat shape, as it is FIG. 1. ͑Color online͒ Setup of streaking measurement. The laser beam is split into two. One is directed to the electron gun to generate ultrashort electron pulses and the other is sent to control a pair of GaAs photoconductive switches. Top: Typical signal: the streaked image ͑right͒ and the corresponding unstreaked image ͑left͒. The electron number per pulse is ϳ9400 and the streaking speed is ϳ1/180 pixel/fs.
FIG. 2. ͑Color online͒ Left:
Typical 1D intensity profile of electron pulse along the streaking direction. ͑a͒ Profile of low intensity electron pulse ͑ϳ3000 electrons per pulse͒. The solid line is a Gaussian fit to the experimental data ͑open circles͒. ͑b͒: profile of high intensity electron pulse ͑ϳ9400 electrons per pulse͒. The dashed line is a Gaussian fit and the solid line is a fit using Eq. ͑2͒. The top-hat effect can be clearly seen ͑see text for detailed discussions͒. Right: The streaked beam size W str as a function of streak velocity K s for a pulse of 4800 electrons. The solid line is a linear fit to the data, which yields the slope of 3.3Ϯ 0.6 ps 2 corresponding to a pulse duration of 1.8Ϯ 0.2 ps.
shown clearly in Fig. 2 . 9, 10 In this case, the convoluted function between a transverse Gaussian profile and a longitudinal square-shaped profile was used to determined ⌬ e :
where A is a normalization constant proportional to the electron beam intensity, w t and w are proportional to ⌬ e and W un , respectively. By fitting each streaked intensity profile to Eq. ͑2͒, the temporal width ⌬ e , defined as 76% of the full width of the square-shaped pulse was extracted. This definition of pulse duration is consistent with the conventional definition of ⌬ e as the FWHM of a Gaussian beam, since both of them contain 76% of the total electron charge. In the transition region where both Gaussian and top-hat profile give comparable fits, the streak data were analyzed using both profiles to extract the pulse duration. We found that the difference between the two results is smaller than 10% and within the error bar of the measurements. The temporal widths of electron pulses as a function of electron number per pulse for 60 keV beam energy are plotted in Fig. 3 . It can be seen that pulse broadening depends heavily on number of electron per pulse. Particularly, in order to keep a subpicosecond temporal resolution, the total number of electrons per pulse has to be set less than 2000. We have also conducted a pulse width measurement using an alternative approach, by probing the transient lattice heating of Al thin film with FED at different electron numbers per pulse. The rising edge of the lattice temperature recorded with FED is set by the convolution of intrinsic electronphonon coupling time ͑ e-ph ͒ and the probe electron pulse width ⌬ e . Once e-ph is measured in a separate experiment by using either FED with less than 500 electrons per pulse or a transient optical spectroscopy under the same pump conditions, 14 ,15 the pulse width ⌬ e can be calculated by the deconvolution of the elongated rising edge. The accuracy of this method is determined by the timescale of the transient ͑roughly 3 e-ph Ϸ 1.8 ps͒ and the experimental signal-tonoise ratio, and in our current experiment it is close to one half of transient time. The data obtained by this deconvolution are also plotted in Fig. 3 . In the overlapped region, they agree well with the data obtained in streaking measurements.
We also compare our experimental results with the mean-field theory calculation. 9 The parameters of simulation are listed in Table I and the results are plotted in Fig. 3 . In the simulation, the impact of transverse beam diameter change was also included by rescaling the beam radius at each time step. The evolution of transverse beam diameter as a function of drifting time was simulated with PARMELA by plugging the required parameters for our customized magnetic lens. The parameters in PARMELA simulation were calibrated by matching the calculated beam diameters to the experimental values measured at three different locations along the electron trajectory. A typical set of measured beam diameters is 100 m at the pinhole, ϳ280 m at sample position, and ϳ350 m at the detector.
The strong correlation between the pulse width and beam intensity observed in our streaking measurements supports the main conclusion of previous theoretical studies that, among competing broadening mechanisms such as the space charge effect and broadenings due to electrons having different energies and trajectories, the space charge effect is the dominant factor of determining the final electron pulse. In order to keep a subpicosecond resolution while maintaining sufficient beam intensity to conduct subpicosecond diffraction measurements, the drifting time of the electron pulse must be minimized either by shortening the distance from the PC to the sample and/or increasing the electron kinetic energy. [1] [2] [3] 8 Our measurements also show experimental evidence that, as the intensity of electron beam increases, the space charge effect can also effectively change the shape of the longitudinal intensity profile, resulting in a top-hat shape ͑see Fig. 2͒ . The evolution of the longitudinal intensity profile to a top-hat shape is usually correlated with a quasilinear velocity chirp, which has been theoretically predicted. 9, 10 It is worth noticing that the exact longitudinal intensity profile depends on the initial charge configuration in the pulse and also subsequently how the electron pulse is collimated by electrostatic or magnetic lenses in its path. 16 In principle, this profile can be investigated in more detail by deconvoluting the 2D ͑or 1D͒ streaking intensity profile obtained at higher time resolution by applying a sub-100-m pinhole in front of the streaking plates and reducing the beam energy. The knowledge of longitudinal pulse shape is crucial for designing a beam compression element to further reduce the temporal pulse duration. 17, 18 
III. SUMMARY AND CONCLUSIONS
In conclusion, we have conducted a measurement of electron pulse durations as a function of electron numbers per pulse with an in situ streak camera on the femtosecond time scale. Our results indicate that for beam intensities desired for subpicosecond diffraction measurements, space charge broadening plays a determinant role, as predicted by previous theoretical studies.
